SiC/SiC joints were fabricated employing a direct brazing method using Co-IOTi meltspin as filler metal. Joints were brazed at temperatures of 1250, 1300, 1320 and 1340°C for 15 minutes in a high vacuum. Four-point bending specimens were fabricated from the joints brazed at 1340°C for 15 and 7.5 minutes, respectively. Bending tests were performed in air at room temperature and at 700°C. SiC specimens were also joined using Nil3Cr7Hf filler metal. Optical microscopy-and SEM results exhibit a joint characterized by sites with excellent bonding, as well as sites showing porosity. Cracks were also observed in the ceramic substrate. EDS data suggests that, contrary to the general trend observed for titanium containing active filler metals, titanium does not migrate towards the SiC/filler interface boundary in the Co-10Ti filler metal. The resulting reaction layer was comprised primarily of Co x Si y phases. A mixture of phases, mainly TiC, was found centrally located in the filler metal. Dark, needle-like precipitates having a high carbon content were found scattered across the interface. Flexural strengths at room temperature and at 700°C were measured to be approximately 55 MPa and 75 MPa, respectively.
INTRODUCTION
In the past few years, silicon carbide ceramics have gained considerable importance in a number of demanding, high-temperature applications. They have superior strength, high impedance to wear, and excellent corrosion-resistant and thermal characteristics.
Present applications include various wear-reducing parts (seals, valves, nozzles) in conventional gasoline or diesel engines /I/, turbine rotors that can reach high temperatures and heat exchangers to 341 recover waste heat that is lost in the high temperature, corrosive exhausts of industrial furnaces. In the aerospace field 111, silicon carbide ceramics are being considered for applications in hot sections of jet engines, rocket nozzles, and reentry thermal protection systems. These materials are considered leading candidates for use in the first wall and blanket components of fusion reactors, in furnace linings and bricks, and they also have widespread applications in the microelectronics industry. Much of this present interest in using ceramics for high temperature applications is based on the worldwide desire to reduce the use of fossil fuels through better efficiency.
Unfortunately, most ceramics are brittle and machine poorly, which leads to enormous difficulties in the fabrication of complex-shaped and large-sized components. These obstacles can be overcome by joining ceramics to ceramics, or ceramics to metals to produce complex configurations from assemblies of simple shapes. Conventional fusion welding procedures cannot be used, since at atmospheric pressures SiC sublimates without melting /3/. Alternative techniques for joining ceramics have been developed that include solid state diffusion bonding, adhesive bonding, and brazing. Among these joining techniques, brazing, due to its simple and economic character, has the largest potential to meet the requirements of joining ceramics for industrial applications.
In general, brazing induces lesser thermal stresses and distortion since the entire component is subjected to the heat treatment. In addition, it is possible to maintain closer assembly tolerances without any costly secondary operations. Nevertheless, brazing ceramics is considerably more difficult than brazing metals. This is due to the inability of conventional filler metals to wet the ceramic substrate because of their low surface energies. This problem has been solved by first applying a metallic coating to the ceramic surface followed by brazing with a conventional filler metal. Another simple and less time consuming method is the one-step direct brazing /4/, which uses active filler metals containing a reactive element. The reactive element changes the surface chemistry of the ceramic by forming a reaction layer that reduces the surface tension between the liquid filler metal and the ceramic to the extent that wetting is feasible.
The purpose of this work was to manufacture joints, between SiC/SiC ceramics, which could withstand exposure at elevated temperatures. Most of the commercially available filler metals are either Ag-or Cu-based, having melting temperatures of about 900°C, and the joints fabricated with these filler metals can only be used at service temperatures in the vicinity of 500°C 151. This service temperature is rather low and does not exploit the high temperature capabilities of SiC ceramics.
Therefore, it was essential to develop new filler metals having higher melting points.
The primary goal of this study was selecting an alloy system with a melting temperature above 1200°C that is also capable of wetting the ceramic surface. Various refractory metal-based filler materials were considered and evaluated at elevated temperatures. Another objective of this study was to characterize the braze zone and reaction layers formed as a consequence of the brazing procedure.
The condition of the ceramic substrate was also examined. Finally, some of the specimens were subjected to bend tests to determine their flexural strength.
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EXPERIMENTAL WORK
Selection of Filler Metals
The preliminary selection of filler metals was made from the phase diagram inspection of conventional binary alloys. Reactive elements, such as titanium and hafnium, which are proven to enhance the wettability on ceramic surfaces, were used in this investigation. These elements also act as temperature depressants. Filler metal specimens were produced using an arc-melter in a controlled argon atmosphere. Pieces sectioned from the button stock were utilized in the wetting evaluation and in the determination of the melting temperatures by means of differential thermal analysis (DTA). Only those that had a liquidus temperature above 1200°C were selected for the next analysis, the wetting test.
The ease of fabrication, i.e., the ability to roll into thin foils, was another important consideration in the selection of the filler metals. The alloy system Ni-Cr-Hf was difficult to roll. Hafnium intermetallics are known to form readily and are moderately brittle. The bulk of this effort was carried out at the Materials Science Institute in Aachen, Germany.
Based on their oxidation behavior [6] , wetting characteristics, and ease of fabrication, Co-10Ti and Ni-13Cr-7Hf filler materials having titanium and hafnium as reactive elements, were selected for this investigation.
Production of Braze Specimens
Silicon carbide of type Hexoloy-SA™ (sintered alpha-SiC) was used as substrate material for making the brazes for this investigation. The filler metal foil was placed between two SiC specimens of 25-mm length and (3 χ 4) mm 2 cross-section. They were then aligned using a graphite fixture, which was then introduced into the furnace. Brazing was carried out under a high vacuum c 10 5 torr). The entire assembly was heated with a rate of 15°K/min to the brazing temperature, held at this temperature for the desired brazing time, and then furnace cooled to room temperature.
SiC/SiC joints were produced using Ni-13Cr-7Hf filler metal at a brazing temperature of 1300°C.
Due to the limited wetting characteristics of this filler metal and because of the tendency of silicon-based ceramics to decompose at elevated temperatures in a vacuum Π-9Ι, these SiC specimens were premetallized. This was accomplished by employing a CBl-foil of composition 72.5Ag-19.5Cu-5In-3Ti (wt. %), and heat treating at 900°C for 10 minutes at 10 5 torr.
Similar SiC/SiC joints were fabricated by one-step direct brazing using Co-10Ti filler metal.
Brazing of these joints was conducted at temperatures of 1250, 1300, 1320, and 1340°C, respectively. Table 1 summarizes the brazing schedule followed in this study. 
Evaluation of Joints
The SiC braze joints were sectioned, mounted, and prepared for metallographic observation. The samples were polished with diamond paste to a surface roughness of 1 micron. The characterization of the microstructures was performed by means of an optical microscope and a scanning electron microscope (SEM) having an incorporated energy dispersive spectroscopy (EDS) system. The spectroscopy results were confirmed by simulating the brazing process by means of the HSC thermodynamic computer program, which displayed the most probable reaction products based on their Gibbs free energies.
To determine the mechanical strength of the fabricated joints, the SiC/SiC joints brazed at 1340°C for 7.5 and 15 minutes respectively, were subjected to four-point bending tests. These bending tests were performed in air at room temperature and at 700°C, using a strain rate of 0.5 mm/min.
RESULTS AND DISCUSSION
SiC/Co-10Ti/SiC Joints
The Co-10Ti filler metal foil appeared to wet the silicon carbide substrate in all the joints brazed at different temperatures, although there were some areas that showed porosity and lack of wetting. EDS results showed similar patterns of elemental distributions across the braze zone for all the joints. It was also observed that the joints brazed at higher brazing temperatures were relatively stronger. This was qualitatively observed during the handling of the specimens. A closer, more detailed image of the braze metal microstructure can be seen in Figure 3 . The reaction layer existing between the silicon carbide and the filler metal was found to be intact. However, it was not of uniform thickness. The irregular SiC/filler interface, which can be noticed in Fig. 3, suggests that some degradation of the ceramic substrate has occurred due to the heat treatments during the brazing procedure. There is also evidence of a micro-crack at the interface. Figure 4 shows the graph of the elemental distribution across the SiC braze-joint that is shown in Figure 3 .
The graph shown in Figure 4 suggests that, contrary to the general trend observed for titanium containing active filler metals /10/, the titanium atoms do not migrate towards the SiC/filler interface boundary. The sudden decrease of the silicon level and the detection of cobalt (at 10 μιη) that indicates the SiC/filler interface boundary, does not show any titanium. There is a high concentration of titanium found in the center of the braze zone. On the other hand, the concentration of cobalt is relatively higher at the SiC/filler interface boundary compared to that detected in the center of the braze zone.
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Thus, it appears that cobalt, not titanium, reacts with the SiC ceramic to form the reaction layer.
This particular observation was seen for all the joints, irrespective of the brazing temperature employed. Figure 5 depicts the different phases that are present. The results of the spot chemical analysis performed are reported in Table 2 . 
Silicon Carbide Brazing and Joint Characterization
The results shown in Table 2 were found to be similar to those detected in a previous investigation /11/. The resulting reaction layer was primarily comprised of Co x Si y phases. A mixture of phases, mainly TiC and Co 2 Si, was found centrally located in the braze metal. Dark, needle-like precipitates having a high carbon content, which appear to be graphite, were found scattered across the braze zone.
It is apparent that cobalt reacts with SiC to form the reaction layer consisting of Co x Si y phases.
Hence, titanium does not seem to play a role in changing the chemistry of the reaction layer. In other words, titanium does not promote the wetting of the ceramic surface. On the other hand, titanium does form brittle carbides requiring a strict control of time and temperature during brazing. The porosity and cracks observed in Figure 2 could have resulted due to the disintegration of these brittle phases during metallographic preparation. 
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process. Compared to titanium atoms, the mobility of carbon atoms is faster, and therefore, TiC was not detected at the SiC/filler interface but rather towards the center of the braze zone. Nevertheless, these results show the greater drive of formation of Co x Si y compared to that of Ti x Si y phases for this particular thermodynamic system, and thereby support the spectroscopy results.
Previous research [12, 13] suggests that it is possible to eliminate the metal/SiC reactivity by adding silicon to the brazing alloy. At the same time, good wettability and adherence on SiC can be achieved.
Gasse et al. [14] showed that sound SiC/SiC joints, having mechanical strength at 1200°C comparable to SiC itself, could be produced by employing a Co-66 at% Si alloy. Thus, for cobalt-based filler metals used to braze SiC ceramics, titanium additions seem to be purposeless and can even have deleterious affects.
Four-point Bend Test Results
The four point bend tests were performed for the silicon carbide specimens brazed at 1340°C for 7.5
and 15 minutes, respectively. The four-point bend test did not involve meticulous testing because of the limited number of samples produced. It was found that the joints brazed for 15 minutes have flexural strengths slightly greater than those brazed for 7.5 minutes, when these were tested at room temperature. This difference is not significant enough to justify the affect of additional processing time.
Metallographic examination of these two braze joints did not reveal noticeable differences in the microstructure of the braze metal or at the filler metal/SiC interface. Figure 7 shows the measured flexural strengths of the joints at room temperature and at 700°C. 
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The flexural strengths at room temperature and 700°C were measured to be about 55 MPa and 75
MPa, respectively. It is evident that the measured strengths are significantly less than the normal flexural strength of silicon carbide type Hexoloy-SA (about 400 MPa). These poor results can be attributed to the presence of porosity at the joints; some degradation of the SiC substrate, observed in Figure 3 ; and the large residual stresses developed at the interface (SiC/braze metal) due to the difference in their thermal expansion coefficients. These residual stresses, besides reducing the bond strength, can cause cracking at the interface as well as in the ceramic substrate ( Figure 5) . A slower cooling rate from the brazing temperature is expected to reduce these residual stresses. All braze joints fabricated during the course of this project were furnace cooled to room temperature. A 30% increase in flexural strength was noted when braze-joint specimens were tested at 700°C in air. This increase is likely to be due to the apparent relieving of residual stresses.
SiC/Ni-13%Cr-7%Hf/SiC Joints
An initial attempt was made to join these samples without premetallization, but no braze joints could be made because the silicon carbide decomposed easily. These specimens were also premetallized, as indicated in the experimental procedure. Brazing was conducted at 1300°C for 10 minutes. The ceramic substrate/filler-metal interface shows some degradation of the SiC despite the premetallization. The silicon carbide adjacent to the interface shows several cracks. These details can be observed in Figures 8 and 9 . Some areas in the filler metal near the reaction layer show some type of 'acicular' precipitates or 'flakes' that appear to be graphite. The micrographs shown in Figure 8 show regions of porosity, and it appears that most of them were caused during the sample preparation, due to pull out of the brittle phases. (SiC was premetallized).
CONCLUSIONS
1. Silicon carbide braze joints were produced using the Co-10%Ti filler metal without needing to premetallize the ceramic substrate. The processing temperature must be 1300°C or higher.
2. Cobalt was found to react with the silicon carbide. Titanium segregated to the center of the braze metal, did not appear to affect wetting and could even have deleterious affects.
3. Graphite acicular precipitates were present throughout the braze metal. Cracks were visible in the braze metal and in the SiC adjacent to the joint. Apparently, all of these contributed to the low flexural strength values.
4. The silicon carbide must be premetallized to produce joints with the Ni-13%Cr-7%Hf filler metal.
However, these braze joints were also found to contain cracks, both in the braze metal and in the adjacent silicon carbide.
